Abstract-In this paper, we present the first experiment to prove the capabilities of X-ray topography for the direct imaging and analysis of defects, stress, and strain affecting the cell within the laminated photovoltaic (PV) module. Cracks originating from grain boundaries structures have been detected, developing along the cleavage planes of the crystal. The strain affecting the cell is clearly visualized through the bending of the metallization line images and can be easily mapped. While the recording conditions need to be optimized to maximize image contrast, this experiment demonstrates how synchrotron facilities can enable PV industry and research to characterize full PV modules. Appropriate development of the technique could also lead to future use of laboratory-level X-ray sources.
I. INTRODUCTION

B
ROADENING the vision of photovoltaic (PV) reliability and degradation studies is the key to estimate and forecast the economic value of solar facilities, determining not only the capital cost, but supporting the confidence of investors and, therefore, the future contribution of PV in electric energy production as well. More clearly, increasing installation lifetime has a direct impact on reducing the cost of PV energy [1] . Unfortunately, the physical complexity of the PV module structure, the multiplicity of degradation processes along with their possible dependence on the manufacturing process and environmental/operational conditions, and their interdependences require predictions of lifetime expectations preferably through a multidisciplinary cooperation between applied and basic sciences. Degradation models should be developed, which describe the microscopic underlying changes in the cell and the PV module structure in a realistic way. Such models would not only provide a rough estimation of the remaining lifetime but also allow simulating the interdependences of operational and environmental parameters on the lifetime of the modules and, therefore, offering important guidance for the economic operations of the full facility, as well as indications for innovative short-time accelerated reliability tests that are well calibrated against field degradation and reliability models. Following this vision, in this paper, we demonstrate the feasibility of X-ray topography on solar modules, as an effective, viable, and nondestructive way to understand crack formation and propagation in crystalline silicon cells. This technique offers a much deeper understanding of crack mechanics (structural information) in comparison with the current widely adopted electroluminescence (EL). In addition, the stress and strain to which the cell is subject to in the encapsulation structure can be studied, mapped, and correlated with the crack formation and lifetime of the module.
II. X-RAY APPLICABILITY WITH SOLAR MODULES
The roots of X-ray diffraction go back to the period 1911-1917, when the theoretical foundation was laid by Bragg et al. X-ray diffraction topography can map the intensity of the diffracted beam over the volume of a crystal, with enough sensitivity to reveal individual dislocations, precipitates, defects in dense clusters, magnetic domains, and other long-range strain fields [2] .
Topography has been largely applied to analyze single crystals [3] . In recent years, it has been used to study and predict the crack propagation in electronic-grade Silicon wafers, coupled with finite-element modeling [3] , [4] . X-ray Bragg imaging and X-ray section topography have been applied to crystalline PV cells by a team of scientists from European Synchrotron Research Facility and INES/CEA in Europe, obtaining relevant results in detecting defects both on the surface and through the volume of the sample, as well as strain and stress induced by the Al-based back contact of the cell [5] - [7] . Despite these attempts, topography has never involved the complete PV module structure. However, the possibility to bring the entire module structure to a synchrotron beamline and perform nondestructive investigations of the module is attractive and has been implemented through this study.
A. First Experiment With a Laminated Cell at the National Synchrotron Light Source II
X-ray topography is a 2-D imaging technique, which uses Bragg diffraction of crystalline materials to image the longrange order distortion caused by defects and discontinuities like cracks [8] . Scanning the angular position of the cell with respect to the X-ray beam and analyzing the rocking curve width and position of the diffracted beam can be quantitatively attributed to contrast mechanisms (i.e., lattice parameter changes caused by point and substitutional defects, temperature changes, and deformation) [2] , [9] .
With the intent of demonstrating that we can study the crystalline PV cell in the laminated environment, Brookhaven National Laboratory (BNL) has run a first experiment on a monocrystalline silicon single-cell minimodule at the X-ray powder diffraction (XPD) beamline at NSLS II during spring 2015. The results are shown in Fig. 1 , which shows the Bragg reflection in transmission of a single-crystal Si(1 1 1) solar cell with full module-like encapsulation. The reflected beam of a 5 × 0.5 mm 2 X-ray beam ( E = 34.5 keV) has been detected with an area detector of 200-μm pixel size. Fig. 1 also shows the logarithmic plot of intensity cuts in the scattering plane through the (Si 1 1 1) reflection. The signal-to-background ratio is ∼260, and the effective reflectivity >0.1. This measurement demonstrates that an optimized setup with a read-out speed of 100 Hz and a pixel resolution of 5 μm will produce scans with statistical significance. Under these assumptions, a full rocking scan with an angular resolution of 1 μrad and a scan range of 0.35 mrad will take 4 s. A full scan of a 6-in cell will take about 15 min, expected that the system works with a dwell time of 10 s.
Using the new damping wiggler inner shell spectroscopy beamline at NSLS-II, we can build on its unique capability to provide an 80 mm × 3 mm large beam at photon energies of up to 36 keV, with a divergence of less than 5 μrad in the scattering plane and a flux of about 10 13 photons/s. Using a high-resolution detection system with 5-μm resolution, we will be able to detect angular displacements of the lattice planes as small as 5 μrad and a relative lattice parameter change of roughly 10 -5 (equivalent to a thermal expansion resulting by a temperature change of about 10°C). Such capabilities will allow us to build a high-throughput setup for full cells mounted in a working module in about 20 min with a spatial resolution of up to 5 μm. This is an important use of the synchrotron to support the PV module community. 
B. Topography of a Single-Cell Photovoltaic Module
X-ray topography [10] was carried out using the synchrotron white beam at the 1-BM-B beamline station at APS at Argonne National Laboratory. Aluminum filters of 3-8-mm thickness were used in path of incident beam to filter low-energy X-rays (<30 keV) to minimize absorption by glass and plastic parts of the PV Si cell [see Fig. 2(a) ]. In spite of this, some amount of darkening of the glass enclosure was produced, but will be avoided in the future by using copper. Two sets of exposures were recorded: 1) scanning 1-in length of the silicon using a 1 × 25 mm 2 X-ray beam and 2) single exposures of short duration (∼1 s) of selected regions by using a 5 × 25 mm 2 X-ray beam. The white beam produces a diffraction pattern schematically shown in Fig. 2(b) . Topographs recorded by scanning both the module and film simultaneously allows covering a larger area of the silicon crystal, but results in diminished contrast due to prolonged exposure of film to background X-rays. However, gross defects such as low angle grain boundaries (LAGB) and cracks are readily revealed. The image in Fig. 3 shows that LAGB could potentially be nucleation points for cracks when the silicon is subject to stresses while encapsulated within the module during operation. On the other hand, X-ray topographs recorded by single exposures of short duration (about 1 s) using the large-area X-ray beam (∼ 5 × 25 mm 2 ) reveal metallization lines due to their enhanced absorption of X-rays and improved contrast from LAGB and cracks (see Fig. 4 ). The considerable bending of the metallization lines immediately indicates the strain in the PV module induced by the stress present in the material and likely originating from the different stages of the manufacturing process. Once the stress/strain is quantified, this application can help studying the stress introduced by the lamination process. The stress induced by the encapsulant might be one of the causes responsible for the formation and propagation of various cracks in the modules, with consequences such as loss of performance and contacts breakage. Stress in the contacts can be quantitatively characterized from topography [11] . Fig. 5 shows two reflections from the same area showing cracks propagating along cleavage planes nucleated from LAGB. Further optimization of the experimental setup is underway to lower effects of background X-rays and enhance contrast to reveal detailed dislocation microstructures.
III. CONCLUSION
The intent of this paper is to present the use of X-ray topography for application on PV module structures. Topography has the capability to provide structural information that, complemented by EL, can offer insights in understanding crack formation and propagation within the PV module package. The fundamentally new contribution of this study will be the nondestructive, high-throughput strain, stress, and crack characterization with high spatial resolution up to 5 μm of individual cells encapsulated in the working module using X-ray topography. In this paper, the first topography images obtained on a monocrystalline Si single-cell minimodule have been presented, showing an intense strain field and the evolution of cracks from LAGB. Additional future studies will be able to better understand, quantify, and possibly manage this effect through an impact on the lamination process and a better understanding of the role of the encapsulant. This experiment opens up to the possibility for module manufacturers to fully understand the crack development from the microcrack stage to the damaging stage by analyzing the development from the cell-manufacturing process to the module production line and further into the module lifetime. The understanding of cracks can be extended so far to reach the possibility to define taxonomy and correlations of cracks, recombination zones, and surrounding stress/strain to support reliability improvement and lifetime modeling.
